Plasmodium falciparum, the causative agent of malignant tertian malaria, is responsible for more than 300 million cases and 1 to 3 million deaths per year (51) . Extensive research efforts have led to the deciphering of its genome, transcriptome, and proteome, which has greatly advanced our understanding of the fundamental biology of the parasite (18, 22) . The parasite life cycle encompasses several morphologically distinct stages while alternating between a vertebrate and an invertebrate host. Recent microarray studies revealed that tightly regulated gene expression in the parasite is in the form of a continuous cascade, with the induction of most genes occurring only once, when their products are needed (3, 39) . In addition, antigenic variation of the highly polymorphic P. falciparum erythrocyte membrane protein 1 (PfEMP1), a major virulence factor, through monoallelic expression of ϳ60 var genes, is primarily regulated at the transcription level (33) . Although how such a global and localized transcription regulation is achieved is poorly understood, recent extensive studies of var gene regulation indicate that epigenetic control plays an important role in these processes (41, 45) .
Compared to transcription in prokaryotes, there is an added layer of complexity in eukaryotes arising from packaging of genomes with histones into chromatin. The dynamic structure of chromatin serves as the scaffold on which the basic cellular processes of DNA replication, repair, and transcription take place. The N-terminal tails of histones are subject to various posttranslational modifications, including phosphorylation, acetylation, methylation, ubiquitination, and sumoylation. Different modifications affect the histone-DNA interactions and act sequentially or in combination to create a "histone code" (30, 53) that serves as signals read by regulatory molecules containing specific interacting domains such as the bromodomain, chromodomain, and SANT domain (12) . These modifications play pivotal roles in regulating gene expression, and aberrance in modifications is associated with an array of disorders in humans. Among the histone modifications, acetylation is the most extensively studied and has formed the basis for an evolving model on how covalent histone modifications regulate transcription.
Similar to other eukaryotes, the 14 P. falciparum chromosomes have a typical nucleosomal organization involving core and variant histones that are dynamically acetylated at a number of lysine residues during the asexual erythrocytic cycle (6, 42) . Although how histone acetylation regulates parasite genes is still poorly understood, the recent discovery of its role in regulating monoallelic expression of var gene family sheds new light on its significance (13, 21) . In particular, these studies have demonstrated that the P. falciparum homologue of the yeast Sir2 (for silent information regulator 2) deacetylase appears to play a similar role in establishing subtelomeric heterochromatin structure, thus repressing the expression of a subset of subtelomeric var genes. While var gene expression is controlled exclusively at the level of transcription without the feedback of the PfEMP1 protein (14) , transfection experiments have begun to elucidate the roles of var promoters and introns in mediating silencing (15, 19) . Along this line, a number of recent studies implicated the role of cooperative interactions in cis between var upstream sequences and var intron in silencing (5, 11, 20) , whereas Voss et al. (58) showed that the var promoter is sufficient to infiltrate a transgene into the allelic exclusion program of var gene expression with the var promoter mediating nucleation and spreading of stably inherited heterochromatin (58) . Despite this discrepancy regarding the role of the var intron, epigenetics is likely the major regulator of monoallelic var gene expression. Furthermore, this epigenetic memory is probably inherited through covalent histone modifications such as H3K9 trimethylation (H3K9m3), which can persist in parasite lines for generations (7) . In accordance with these notions, a glimpse of the parasite genome has revealed a full assembly of proteins regulating the organization and structure of chromatin (1) . These include histone acetyltransferases (HATs) and histone deacetylases that catalyze the reversible histone lysine acetylation. In particular, a GNAT (GCN5-related N-acetyltransferase) family member, PfGCN5, has been characterized that preferentially acetylates H3 at K9 and K14 (16) . The significance of PfGCN5 is further underscored by the finding that PfGCN5 is the center of an extensive interacting network of proteins, many of which are potentially involved in transcription (17, 35) . Moreover, inhibition of PfGCN5 activity in vivo by a polyphenolic compound curcumin leads to hypoacetylation of histones, which may partially contribute to the toxicity of curcumin (10) . This further testifies to the potential of enzymes regulating covalent modifications of histones as targets for novel chemotherapy of parasitic diseases (55) .
To elucidate transcriptional regulatory networks and roles of relative occupancy and modification states of histones in controlling global transcription, many studies have used chromatin immunoprecipitation (ChIP) coupled with DNA microarray analysis (chip), a powerful genome-wide analysis technique known as ChIP-chip (24); however, the extreme AT-rich genome of P. falciparum has hampered application of this tool to study its gene regulatory circuitry despite the availability of the genome information and DNA microarrays. To dissect the complex network of transcription regulation in P. falciparum, we addressed the function of PfGCN5-mediated histone H3 acetylation by developing a genome map of histone acetylation and PfGCN5 localization using a preexisting DNA microarray. Here we report the first application of the ChIP-chip technique to map the global distribution of histone H3K9 acetylation (H3K9ac), trimethylation, and the coactivator PfGCN5 in the P. falciparum genome. By combining this analysis with gene expression profiling, we were able to associate H3 acetylation with gene expression and H3K9m3 with silent genes. Using conventional ChIP and real-time quantitative PCR analysis, we have shown that promoters of active genes are enriched with H3K9ac and deficient in H3K9m3, suggesting that PfGCN5-mediated H3 acetylation is likely involved in regulating gene expression in the malaria parasite.
MATERIALS AND METHODS
Parasite culture. The P. falciparum 3D7 clone was cultured at 5% hematocrit in type O ϩ human red blood cells in complete medium in an atmosphere of 5% CO 2 , 3% O 2 , and 92% N 2 (56) . The parasites were synchronized twice by 5% sorbitol treatments (36) . To obtain parasite materials, infected erythrocytes were lysed by 0.1% saponin treatment, and parasite pellets were collected by centrifugation and washed twice with cold phosphate-buffered saline (PBS). For stagespecific gene expression, synchronized parasites were harvested at 12, 20, 30, and 42 h to represent ring, early trophozoite, late trophozoite, and schizont stages, respectively. ChIP-chip. ChIP was performed as described previously with modifications (46) . Briefly, 3 ϫ 10 9 ϳ28-h-old synchronized trophozoites were harvested in 10 ml of cold PBS and cross-linked with 1% formaldehyde at room temperature for 30 min. After the cross-linker was quenched with glycine, parasites were washed twice with cold PBS and resuspended in 1.5 ml of immunoprecipitation (IP) buffer (50 mM HEPES [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) with a protease inhibitor cocktail (Roche, Indianapolis, IN). Sonication was performed on ice and monitored to ensure that the average size of sonicated DNA was 0.5 to 1 kb to suit the preexisting expression array. IP was performed at 4°C overnight with a 1:100 dilution of anti-H3K9ac and anti-H3K9m3 (Millipore, Billerica, MA) and a 1:50 dilution of anti-PfGCN5 (17) . Antibodies for both H3K9ac and H3K9m3 are specific for the corresponding modified histones (16, 54) . The DNA-protein complexes were eluted with an elution buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% sodium dodecyl sulfate) and incubated at 65°C to reverse the cross-linking. DNA was isolated by using proteinase K digestion and phenol-chloroform extraction and then dissolved in TE buffer (10 mM Tris [pH 8.0], 5 mM EDTA). Labeling of immunoprecipitated and input DNA with Cy5 or Cy3 was performed by using the randomly primed PCR amplification method (40, 49) . The labeled products were purified by using a MinElute PCR purification kit (QIAGEN, Valencia, CA). Labeling or real-time PCR analysis was repeated with immunoprecipitated DNA from at least three IP experiments.
Spotted microarrays used in the present study consisted of 7,462 individual 70-mer oligonucleotides representing 4,488 of the 5,409 open reading frames (ORFs) annotated by the malaria genome sequencing consortium (3). Cy5-and Cy3-labeled probes were mixed and hybridized to DNA microarrays using the MAUI hybridization system (BioMicro Systems, Salt Lake City, UT). Slides were scanned with a GenePix 4000B array scanner (Axon Instruments, Union City, CA). After scanning, the quality of the spots was verified individually by visual inspection. The signals from each array spot were calculated by the median pixel value of the spot minus that of background and normalized so that the median Cy5/Cy3 ratio was 1.0. Spots with signals less than the median pixel value of background plus twice the standard deviation of background pixel values were removed. The median value of individual spots from all experiments was used as the final data set. The data were transformed into the log 2 (Cy5:Cy3) ratio for statistical analysis. Pearson correlation between data sets was performed by using Minitab Software 13.0 (Minitab, Inc., State College, PA).
Quantitative analysis of ChIP enrichment by real-time PCR. To verify the results from the microarray analysis and define the distribution of H3K9ac and H3K9m3 in individual genes, we first chose the MAL7P1.37 gene locus, which was highly enriched in both H3K9ac and PfGCN5 ChIP-chip analyses, for more detailed mapping using conventional ChIP and real-time PCR. The MAL7P1.37-38 locus spans ϳ7 kb, with the two genes being arranged head to head and an intergenic region of ϳ2.5 kb. MAL7P1.37 encodes a Sin3-associated p18-like protein, a component of the Sin3 complex that is responsible for the repression of transcription via histone deacetylation. MAL7P1.38 is a homologue of the regulator of chromatin condensation that regulates nuclear import and export. We designed nine pairs of primers spanning the entire MAL7P1.37-38 locus (ORFs and intergenic region) and assessed H3K9ac and H3K9m3 enrichment in the trophozoite stage (30 h) by ChIP and real-time PCR analysis. Stage-specific expression of these two genes was examined by real-time reverse transcriptase PCR (RT-PCR) analysis with the constitutively expressed seryltRNA synthetase as the reference gene.
To further correlate stage-specific H3K9ac and corresponding gene activation, we selected eight stage-specific or constitutively expressed genes for detailed mapping in ring, trophozoite, and schizont stage. These genes were selected largely due to their previously established expression patterns and/or transcription initiation sites, which include DNA polymerase ␦ (PF10_0165) and glycophorin-binding protein 130 (GBP130, PF10_0159) expressed in trophozoites (26, 37) , MAL7P1.170 and heat shock protein 101 (HSP101, PF11_0175) expressed in rings (52), erythrocyte-binding protein 175 (EBA175, MAL7P1.176) and merozoite surface protein 1 (MSP1, PFI1475w) expressed in schizonts, and constitutively expressed actin-related gene (PF14_0218) and calmodulin (PF14_0323) (9) . For PF14_0218, its constitutive expression was verified by real-time RT-PCR using four different stages of synchronized parasites (42) . ChIP was performed with 9 ϫ 10 9 parasites at the ring stage, and 3 ϫ 10 9 parasites at the trophozoite and schizont stages (12, 28 , and 42 h), respectively. Sets of primers were designed to amplify 150-to 300-bp fragments covering both the promoter and the coding regions (see Table S1 in the supplemental material). For real-time PCR analysis, the final concentration of the templates was adjusted to 1 ng/l. Real-time PCR was performed as previously described (42) using the FastStart SYBR green master mix (Roche). Relative fold enrichment at different sites was calculated by using the 2 ⌬CT method, and the standard deviation was calculated from at least three IP experiments (42) . For reproducibility of the data, IP experiments were done using chromatin preparations from two different cultures and representative data were shown.
Inhibition of PfGCN5 activity and gene expression. To determine whether inhibition of PfGCN5 leads to reduced H3K9ac and gene expression, synchronized 3D7 cells at 18 h were treated with the PfGCN5 inhibitor curcumin (5 and 20 M) for 12 h, which was shown to cause no obvious changes of parasite morphology or growth (10) . Parasites from both control and treated groups were harvested and used for total RNA extraction and ChIP. RNA was isolated from aliquots of the same parasite populations using TRIzol reagent and treated with RNase-free DNase I (Promega, Madison, WI) to remove contaminating genomic DNA. cDNA was synthesized from 5 g of total RNA using SuperScript III RT (Invitrogen, Carlsbad, CA) with oligo(dT) primer. A reference gene, PF07_0047, encoding a putative ATPase, whose expression was not significantly affected by curcumin treatment (unpublished microarray data), two trophozoite-specific genes, and two constitutively expressed genes mentioned above were evaluated by real-time RT-PCR analysis using pretested primer sets (see Table S1 in the supplemental material). The amplification efficiency of individual genes was normalized with the expression level of the reference gene, seryl-tRNA synthetase. Relative expression levels of tested genes were determined by using the 2 Ϫ⌬⌬CT method with ring stage being set as the reference stage (42) . To determine whether the effect of the curcumin on gene expression was the result of the reduced acetylation in the promoter regions of the genes, ChIP was performed with anti-H3K9ac using equal numbers of parasites, and real-time PCR was performed using upstream regions of peak H3K9ac as described above.
RESULTS
Validation of the ChIP-chip method. While a whole-genome tiling array is ideal for global localization study, here we used a preexisting DNA array and sought to develop a reproducible protocol for the ChIP-chip procedure that is suitable for the highly AT-rich P. falciparum genome. We first tested a rabbit preimmune serum and anti-H3K9ac antibodies for ChIP experiments on synchronized late-trophozoite-stage parasites. This stage was chosen because of the ease of procuring sufficient parasite materials for ChIP-chip analysis. We compared the feasibility of two modified labeling methods involving either ligation-mediated or randomly primed PCR amplification (46, 49) for fluorescent labeling of the ChIP products and input DNA with Cy5 or Cy3. The labeled products were hybridized to the spotted P. falciparum DNA microarrays, and the hybridization signals of each spot were obtained. To validate these methods, each experiment was repeated at least three times with parasites from different cultures; data from all experiments were analyzed statistically. We found that the latter labeling method yielded the most reproducible results, with high Pearson correlation efficiency between experiments (R Ͼ 0.90, P Ͻ 0.001).
Genome-wide localization of H3K9ac. Using this modified labeling method, we first explored the genome-wide occupancy of H3K9ac during the late trophozoite stage (ϳ28 h). Hybridization signals from each spot were transformed into the log 2 (IP/input) values, and the data from three replicates of each antiserum were averaged and combined into bins with an increment of 0.075 for histogram analysis. Histograms showed that ChIP-chip with the control serum generated a normal distribution of the log 2 (IP/input) data, with 74% of the array elements within the range of Ϫ1 to ϩ1 (Fig. 1A) . In comparison, distribution of the anti-H3K9ac data formed a second peak at approximately the 2.2 to 2.8 log 2 (IP/input) points, which reproducibly identified 258 array elements (225 genes) with more than fourfold enrichment, representing 4.9% of the 4,488 genes on the microarray (Fig. 1B) . With this low-density array, we found that elements enriched for H3K9ac were distributed on all 14 chromosomes (see Fig. S1A in the supplemental material). Classification of the highly enriched genes using the gene ontology (GO) terms grouped them into nine categories (see Fig. S2 in the supplemental material). Except for the largest category of genes with unknown functions (mostly encoding hypothetical proteins), proteins with binding activities (17.3%) and catalytic functions (16%) were among the largest categories. Interestingly, five genes in the binding category are expressed in merozoites and involved in erythrocyte invasion, suggesting that H3K9ac might also serve as a marker for genes that are poised for activation.
Genome-wide occupancy of PfGCN5 and its correlation with that of H3K9ac. The GCN5 HAT in model organisms preferentially acetylates histone H3 at K9 and K14 (31, 57) . To investigate whether the observed global H3K9ac distribution was the result of GCN5 HAT activity, we performed ChIP-chip analysis of late trophozoites (ϳ28 h) with anti-PfGCN5. Genome-wide distribution of PfGCN5 occupancy had a very similar pattern to that of H3K9ac (data not shown), with 207 genes having Ն4-fold enrichment. Not only were the H3K9ac and PfGCN5 data sets highly correlated (Pearson R ϭ 0.88, P Ͻ 0.001) ( Fig. 2A ), but the highly enriched genes also had extensive overlap, with 136 genes being highly enriched in both data sets (Fig. 2B) . Upon inspection of the expression profiles of these genes using the available microarray data (3, 39), 63% (86 of 136) were found expressed in trophozoites, suggesting that PfGCN5-mediated acetylation at least partially regulates the expression of these genes. Genome-wide occupancy of H3K9m3. To further demonstrate that the significant correlation between the H3K9ac and PfGCN5 data sets was of functional importance but not the result of an accidental association, ChIP-chip was performed with parasites of the same developmental stage using antibodies for the silent chromatin marker H3K9m3. The results showed that H3K9m3 distribution was dramatically different from that of either H3K9ac or PfGCN5 (Fig. S1B) , and the H3K9m3 data set was only weakly correlated with that of H3K9ac or PfGCN5 (R ϭ 0.23 and R ϭ 0.13, respectively) ( Fig. 2A) . H3K9m3 ChIP-chip analysis identified 205 genes with greater than fourfold enrichment. Consistent with H3K9m3 being a heterochromatin marker and associated with silent genes, microarray profiling data indicated that 153 of 205 (75%) were silent in the trophozoite stage (3). Furthermore, Of the 205 genes highly enriched for H3K9m3, only 5 and 11 genes overlapped with the highly enriched genes from H3K9ac and PfGCN5 analyses, respectively (Fig. 2B) . These results further validated the consistency of the ChIP-chip experimental procedure in P. falciparum and indicated that H3K9ac and H3K9m3 were opposing epigenetic markers associated with different sets of genes.
Association of H3K9ac and H3K9m3 with transcription. In model organisms, histone acetylation at the promoters is associated with gene activation. To determine whether H3K9ac is associated with transcriptionally active genes in P. falciparum, we compared the log 2 (IP/input) data set from H3K9ac ChIPchip analysis with that from gene expression profiling at the same late trophozoite stage (3). The results showed that the two data sets were weakly, yet positively correlated by Pearson correlation analysis (R ϭ 0.285, P Ͻ 0.102). This was expected given that many oligonucleotides in the microarray were located far downstream of the promoters. To evaluate this position effect, we divided the oligonucleotides into three groups according to their distances from the putative ATG start codon. Pearson correlation analysis demonstrated a stronger correlation between H3K9ac enrichment and gene expression for array elements within 500 bp of the putative ATG codon (Fig. 3) . In contrast, when a similar analysis was performed with the H3K9m3 data, a negative correlation with the gene expression was observed, especially for array elements within 500 bp of the putative ATG codon (Fig. 3) .
Association of H3K9ac with 5 regions of active genes. In general, H3K9ac is highly enriched in the promoters of active genes in model eukaryotes (43) . To determine whether this principle also applies to P. falciparum, we first tested the MAL7P1. 37 (Fig. 4) . ChIP and realtime PCR mapping of this region at the trophozoite stage showed that the intergenic region was enriched for H3K9ac, with the peak H3K9ac being skewed toward the active MAL7P1.37 gene (Fig. 4) . In contrast, mapping with H3K9m3 showed that the distribution pattern of H3K9m3 was opposite of that for H3K9ac, with the peak H3K9m3 being located closer to the putative ATG codon of the inactive MAL7P1.38 gene. This observation is consistent with H3K9ac and H3K9m3 as opposing epigenetic markers of active and silent genes, respectively. To further extend this observation to gene expression during different stages of intraerythrocytic development, we selected four sets of genes representing constitutively expressed and stage-specific genes and mapped their H3K9ac. The constitutive expression of the actin-related gene shown from microarray analysis was confirmed by real-time RT-PCR analysis (Fig.  5) . To study the stage specificity of H3K9ac enrichment, ChIP and real-time PCR analysis were performed on synchronized parasites from the ring, trophozoite, and schizont stages. For stage-specific genes, the levels of H3K9ac enrichment were generally higher in the developmental stages when these genes were expressed, whereas the constitutively expressed genes had relatively steady levels of H3K9ac enrichment throughout the erythrocytic development of the parasite (Fig. 5) . Mapping of H3K9m3 by ChIP and real-time PCR at the DNA polymerase ␦ and GBP130 loci in trophozoites again confirmed the opposing trends between H3K9ac and H3K9m3 (see Fig. S3 in the supplemental material). In addition to the correlation between H3K9ac enrichment levels and developmental activation of the genes, H3K9ac peaked in the 5Ј regions of the genes and was likely associated with the promoter regions. For DNA polymerase ␦, GPB130, and calmodulin genes, peak H3K9ac enrichment was mapped near the previously determined transcriptional initiation sites (9, 37, 44) .
Curcumin treatment, histone acetylation, and gene expression. With the establishment of H3K9ac association with the promoters of active genes, we further sought to test the significance of PfGCN5-mediated histone acetylation in parasite development. Unable to genetically knock out PfGCN5 (L. Cui et al., unpublished), we sought to use the inhibitor curcumin to downregulate PfGCN5 activity and determine its effect on gene activity and acetylation. Treatment of early trophozoites with sub-50% inhibitory concentration doses of curcumin (5 and 20 M) for 12 h, which had no obvious effect on parasite gross morphology or growth, did not alter the expression of the reference gene PF07_0047, whereas it reduced the expression of other four genes in a dose-dependent manner (Fig. 6A) . In addition, ChIP and real-time PCR analysis detected dramatic reduction of H3K9ac in the upstream regions of these genes compared to insignificant change in the 5Ј region of the PF07_0047 gene (Fig. 6B) . These results suggest that disturbing PfGCN5 activity might be responsible for reduced acetylation in the promoters and reduced expression of certain tested genes, which may also explain the long-term effect of curcumin on parasites (10).
DISCUSSION
Genome-wide expression analysis of P. falciparum intraerythrocytic development reveals an interesting cascade-like pattern of gene expression (3, 39) . Although how the parasite achieves such transcription regulation is not understood, recent advances in functional genomics of the parasite demonstrated the potential significance of epigenetic mechanisms in gene regulation (41, 45) . Understanding these mechanisms will benefit greatly from the global view of dynamics of chromatin modifications in the parasite genome. With the availability of the parasite genome sequence and microarrays, we have demonstrated the applicability of the ChIP-chip technique for genome-wide localization analysis of transcriptional factors and chromatin modifications in P. falciparum through successful analysis of genome-wide localization of H3K9ac, H3K9m3, and PfGCN5 in late trophozoites.
In P. falciparum, the presence of basal RNA polymerase II transcription machinery and many components of chromatin remodeling complexes indicates evolutionary conservation of similar transcriptional activation pathways (1, 8) . The GCN5-containing HAT complexes have been documented in yeast, humans, and fruit flies (4, 23, 32) . That PfGCN5 forms an interaction network with a number of transcription-associated proteins suggests that transcription in Plasmodium may also be regulated by PfGCN5-containing protein complexes (17, 35) . In yeast, deletion of GCN5 only affects the expression of 5 to 10% of genes, and a subset of these genes is stress related (25, 29, 38) . The small set of genes affected by GCN5 in yeast may reflect its partial redundancy with other HAT proteins (27, 38) . Our analysis revealed that in the late trophozoite stage of the P. falciparum intraerythrocytic development cycle, ϳ5% of the genes were enriched with H3K9ac, 60% of which were also enriched with PfGCN5. Although it is not clear how the H3K9ac mark is delivered to the rest of genes, we can speculate that it could be the result of other HAT activities (e.g., the elongation factor protein 3 homologue PFL1345c) or that not all chromatin-associated PfGCN5 is measurable by the ChIP procedure due to its limited sensitivity. Similar chromosomal distributions of H3K9ac and PfGCN5 are congruent with the notion that GCN5 complexes are recruited to mediate the acetylation of H3K9, which may, in turn, enhance recruitment of PfGCN5 to these sites through the interaction of its bromodomain with H3K9ac (28) . Although the present study suggests that PfGCN5 may be similarly involved in regulating ϳ5% of genes, the rest of the genome may be regulated by other transcription complexes such as TFIID (29) . Future studies using high-density arrays and different developmental stages will identify the full spectrum of genes regulated by PfGCN5. Regardless of the seemingly small pool of genes as potential PfGCN5 targets, our studies suggest that PfGCN5 has a more profound effect on parasite gene expression. Whereas yeast GCN5 is dispensable for growth in rich media, PfGCN5 appears essential, and its inhibition leads to developmental arrest of the parasite (10) . Our data indicate that the cytotoxic effect of a PfGCN5 inhibitor could be attributed to its disturbance of the histone mark H3K9ac in the upstream sequences of certain genes, leading to their aberrant expression. H3K9 is subject to both acetylation and methylation. In general, H3K9 acetylation is associated with active transcription, whereas methylation is associated with transcriptional repression (34) . With the lack of many canonical eukaryotic transcriptional factors in P. falciparum, we wonder whether these markers can also be used to distinguish between active and silent genes in the parasite. Our analysis revealed a positive, albeit weak, correlation between PfGCN5, H3K9ac, and transcription activity; This correlation became stronger if the analysis used array elements within 500 bp of the putative translation start sites of genes, suggesting that PfGCN5 and H3K9ac occupancies were higher in the 5Ј regions of active genes. In contrast, H3K9m3 had a distinct occupancy pattern and had little correlation with the H3K9ac or PfGCN5 data set. This result suggests that acetylation and methylation of H3K9 (mutually exclusive) occupy different domains on P. falciparum chromosomes and that their switching may contribute to regulating gene activity. Our data are consistent with the association of H3K9ac with active genes found in yeast and higher eukaryotes (2, 43, 48) . In addition, detailed mapping of selected genes indicated that relative levels of H3K9ac at the promoters are dynamically regulated, coincidental with gene activation and silencing through various developmental stages. Our analysis suggests that, as seen in yeast, HAT proteins are Table S1 in the supplemental material.
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on February 23, 2013 by PENN STATE UNIV http://ec.asm.org/ recruited to the predicted transcription start sites to activate genes in P. falciparum (43, 47) . Although H3K9m3 appears to be an epigenetic mark associated with long-term memory of the var genes (7), its association with promoters of silent genes suggests that it may also serve as a dynamic mark controlling the on-off status of the genes. Noteworthy, the recent identification of a large group of evolutionarily conserved histone lysine demethylases has revealed the reversible and highly dynamic nature of histone lysine methylation marks and their involvements in regulating transcription (50) .
Collectively, our study has demonstrated the suitability of ChIP-chip technique for genome-wide association studies on the AT-rich genome of the malaria parasite. We have determined low-density maps of global occupancies of histone acetylation, methylation, and a transcription coactivator in the late trophozoite stage. This study has established a solid foundation for future detailed global localization analysis of the histone code in this parasite at different stages using high-density arrays. We have demonstrated that, as in model eukaryotes, PfGCN5-mediated H3 acetylation is also involved in general gene regulation of the malaria parasite and that these epigenetic pathways constitute viable targets for designing novel chemotherapy.
